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PLANTS HAVING AN ENHANCED 
RESISTANCE TO NECROTROPHIC 
PATHOGENS AND METHOD OF MAKING 
SAME 
CROSS-REFERENCE TO RELATED 
APPLICATIONS 
This application claims the bene?t of provisional US. 
patent application No. 60/700,212, ?led Jul. 18, 2005, herein 
incorporated in its entirety by reference. 
FIELD OF THE INVENTION 
The present invention relates to a method of conferring to 
plants an enhanced resistance to pathogens and plants having 
an enhanced resistance to pathogens. 
BACKGROUND OF THE INVENTION 
Plants have evolved various defense mechanisms to resist 
infection by pathogens. Upon recognition, the host plant ini 
tiates one or more signal transduction pathWays that activate 
various plant defenses and thereby avert pathogen coloniZa 
tion. In many cases, resistance is associated With increased 
expression of defense genes, including the pathogenesis-re 
lated (PR) genes and the accumulation of salicylic acid (SA) 
in the inoculated leaf. The SA signal transduction pathWay 
plays a pivotal role inplant defense signaling (see Durrant and 
Dong, 2004). When SA accumulation is suppressed in 
tobacco (Nicoliana Zabacum) and Arabidopsis (Arabidopsis 
thaliana) by expression of the nahG transgene, Which 
encodes the SA-degrading enZyme SA hydroxylase, suscep 
tibility to both compatible and incompatible pathogens is 
enhanced and PR gene expression is suppressed (Gaffney et 
al., 1993; Delaney et al., 1994). Similarly, Arabidopsis 
mutants that are impaired in SA responsiveness, such as npr1 
(Cao et al., 1997; Ryals et al., 1997; Shah et al., 1997), or 
pathogen-induced SA accumulation, such as eds1 (Falk et al., 
1999), eds5 (NaWrath et al., 2002), sid2 (Wildermuth et al., 
2001), and pad4 (Jirage et al., 1999), exhibit enhanced sus 
ceptibility to pathogen infection and impaired PR gene 
expression. 
In addition to the major phytohormone-mediated defense 
pathWays, fatty acid (FA)-derived signaling has also started to 
emerge as one of the important defense pathWays (V ij ayan et 
al., 1998; Kachroo et al., 2001, 2003b, 2004; Weber, 2002; Li 
et al., 2003; Yaeno et al., 2004). Desaturation of stearic acid 
(18:0)-acyl carrier protein (ACP) to oleic acid (18:1)-ACP 
catalyZed by the SSI2/FAB2-encoded stearoyl-ACP desatu 
rase (S-ACP-DES) is one of the key steps in the FA biosyn 
thesis pathWay that regulates levels of unsaturated FAs in the 
cell (FIG. 9). A mutation in ssi2 confers stunted phenotype, 
constitutive PR gene expression, spontaneous lesion forma 
tion, and enhanced resistance to both bacterial and oomycete 
pathogens (Kachroo et al., 2001; Shah et al., 2001). By con 
trast, the ssi2 plants are unable to induce jasmonic acid (IA) 
responsive gene PDF1.2 and shoW enhanced susceptibility to 
necrotrophic pathogen Bolrylis cinerea (Kachroo et al., 2001, 
2003b). The activity of the mutant S-ACP-DES enZyme Was 
reduced 10-fold, resulting in elevation of 18:0 content in ssi2 
plants (Kachroo et al., 2001). HoWever, an increase in 18:0 
does not contribute to altered defense signaling because sev 
eral ssi2 suppressors shoW Wild type-like signaling and yet 
accumulate high levels of 18:0 (Kachroo et al., 2003a). 
A mutation in ssi2 also results in reduction in 18:1 content. 
The altered morphology and defense phenotypes in the ssi2 
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plants are restored by a loss-of-function mutation in the 
ACTl -encoded glycerol-3-P (G3P) acyltransferase, or in the 
GLY1 -encoded G3P dehydrogenase (G3PDH), both of Which 
elevate 18:1 levels in the ssi2 plants (Kachroo et al., 2003b, 
2004). A mutation in gly1 and act1 results in reduced carbon 
?ux through the prokaryotic pathWay, Which leads to a reduc 
tion in the hexadecatrienoic (16:3) acid levels (Kunst et al., 
1988, Miquel et al., 1998). HoWever, the gly1 and act1 plants 
continue to shoW normal groWth characteristics, suggesting 
that increased ?ux through the eukaryotic pathWay compen 
sates for their defect. Because both 18:1 and G3P are required 
for the acyltransferase-catalyZed reaction, a reduction in 
either is likely to reduce the carbon ?ux through ACTl. 
The levels of G3P and 18:1 can also be modulated by 
exogenous application of glycerol. The glycerol treatment 
leads to an increase in the endogenous G3P levels, Which 
results in quenching of 18:1 . Since theACTl -catalyZed step is 
rate limiting, the quenching of 18:1 is more drastic in glyc 
erol-treated ACTl-overexpressing lines (Kachroo et al., 
2004). A reduction in the 18:1 in Wild-type plants confers 
phenotypes similar to that of the ssi2 mutant. 
G3P, an obligatory component for the biosynthesis of all 
plant glycerolipids, is generated either via the G3P dehydro 
genase (G3PDH)-catalyZed reduction of dihydroxyacetone 
phosphate (DHAP) or via the glycerol kinase (GK)-catalyZed 
phosphorylation of glycerol. Plants contain several cytosolic, 
mitochondrial and plastidial isoforms of G3PDH (Shen et al., 
2003; Wei et al., 2001) and all these may to contribute to the 
total G3P pool. LoW levels of plastidal G3P due to a mutation 
in the GLY1 -encoded G3PDH has been shoWn to reduce the 
carbon ?ux through the prokaryotic pathWay. A mutation in 
gly1 leads to a reduction in the hexadecatrienoic (16:3) acid 
levels and this phenotype can be complemented by exog 
enous application of glycerol (Miquel et al. 1998; Miquel. 
2003). The gly1-1 plants shoW normal groWth characteristics, 
suggesting that contributions from the other G3PDH iso 
forms and increased ?ux through the eukaryotic pathWay 
compensates for the defect in gly1. The GLYl-encoded 
G3PDH has recently been shoWn to participate in defense 
signaling in Arabidopsis (Kachroo et al, 2004; Nandi et al, 
2004). 
In comparison to G3PDH, only one GK has thus far been 
identi?ed in Arabidopsis. The GLI1 (previously NHO1)-en 
coded GK has been shoWn to be required for non-host resis 
tance against bacterial isolates of Pseudomonas syringae and 
resistance against the necrotrophic pathogen, Bolrylis cinerea 
(Kang et al, 2003). The reasons Why a defect in GK affects 
resistance to both bacterial and fungal pathogens have not 
been fully identi?ed and described. Since gli1 plants are 
impaired in glycerol catabolism they accumulate glycerol, 
and these levels peak shortly after germination (Eastmond, 
2004). The high level of glycerol in gli1 plants may increase 
the tolerance of the gli1 seedlings to various abiotic stress 
treatments including salt, freeZing, desiccation and hydrogen 
peroxide (Eastmond, 2004). 
Glycerol plays a role in various metabolic processes, 
including its conversion to glycerol-3-phosphate (G3P), 
Which serves as a building block for glycerolipid biosynthe 
sis. In plants, G3P is synthesiZed via the glycerol kinase 
mediated phosphorylation of glycerol or via the G3P dehy 
drogenase (G3PDH)-mediated reduction of dihyroxyacetone 
phosphate. Both GK and G3PDH participate in host-patho 
gen interactions (Kang et al., 2003; Nandi et al., 2004; 
Kachroo et al., 2004). 
Pathogens differ from saprophytes not only in their ability 
to recogniZe and penetrate host tissues, but also in the capa 
bility to access the nutrients available there. The establish 
US 8,207,398 B2 
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ment and maintenance of a metabolic sink by the pathogen is 
a crucial aspect of pathogenesis, but it has received very little 
attention in comparison to signaling related to initial recog 
nition, and We do not understand much about it (Asahi et al., 
1979; Pennypacker, 2000; Solomon et al., 2003; Oliver and 
Ipcho, 2004). Biotrophy is Widely believed to differ from 
necrotrophy in this process (Mendgen and Hahn, 2002; 
SchulZ-Lefert and Panstruga, 2003; Oliver and Ipcho, 2004). 
HoWever, the molecular intractability of obligate biotrophs 
has made it dif?cult to test this hypothesis rigorously. 
SUMMARY OF THE INVENTION 
The present invention is directed to conferring pathogen 
resistance to various plant species. For example, the present 
method can confer enhancing resistance to necrotrophic and/ 
or hemibiotrophic pathogens by overexpressing glycerol-3 
phosphate dehydrogenase using an expression vector in a 
plant, such as Arabidopsis. The overexpression of glycerol 
3-phosphate dehydrogenase can be achieved using an expres 
sion vector in a plant. 
The present invention, in one form thereof, relates to a 
method for enhancing resistance to C. hi gginsianum by over 
expressing glycerol-3-phosphate dehydrogenase in anArabi 
dopsis plant. 
The present invention, in one another form thereof, relates 
to a method for enhancing resistance to C. higginsianum by 
overexpressing glycerol-3 -phosphate dehydrogenase in a 
plant. 
The present invention, in one another form thereof, relates 
to a method for enhancing the resistance to necrotrophic 
and/ or hemibiotrophic pathogens by overexpressing glyc 
erol-3-phosphate dehydrogenase using an expression vector 
in an Arabidopsis plant. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIGS. 1(A)-1(G) illustrate glycerol levels and host 
response after glycerol or pathogen inoculations, Where FIG. 
1(A) is an RNA blot comparison of glycerol-responsiveness 
in Wild type (SSI2), act1, gli1, ssi2gly1-3 and 35S-ACT1 
plants, FIG. 1(B) is a plot illustrating glycerol levels in Wt 
(Col-0) and gli1 plants 72 hours after inoculations With Water 
(White bar) or C. higginsianum spores (black bar), FIG. 1(C) 
is a plot of pathogen-induced changes in the 18: 1 levels in leaf 
tissue of 4-Week-old plants, Where plants Were treated With C. 
higginsianum, and samples taken 0, 12, 24, 72 and 94 hours 
after inoculation Were analyZed for FAs using GC, FIG. 1(D) 
is a plot shoWing lesion siZe in Wt (Col-0) and 35S-GLY1 
plants, Where the lesion siZe Was determined 5 days post 
inoculation (dpi) With C. hi gginsianum, FIG. 1(E) illustrates 
morphological phenotypes displayed by the mock (M) or C. 
higginsianum (C. h)-inoculated leaves from Col-0 and 35S 
GLY1 plants at 5 dpi, FIG. 1(F) is a microscopy of trypan 
blue-stained leaves from Col-0 and 35S-GLY1 plants inocu 
lated With C. higginsianum, Where the profuse branching of 
mycelia in pathogen inoculated Col-0 leaf is indicated by a 
black arroW and the non-germinating spores on 35S-GLY1 
leaf is indicated by a White arroWhead, and FIG. 1(G) is an 
RNA blot illustrating expression of the PR-1 gene in C. hig 
ginsianum inoculated plants 96 hours after spray inoculation. 
FIGS. 2(A)-2(D) illustrate groWth of C. higginsianum in 
liquid medium and anthracnose lesion development on Am 
bidopsis leaves Where FIG. 2(A) is a plot for liquid cultures 
containing Fries minimal medium and 55 mM glycerol (gly, 
1) or 10 mM glycerol-3 -phosphate (G3P, 2) or both (3), Were 
groWn for 5 days on an orbital shaker at 300 C., FIG. 2(B) is 
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4 
a plot illustrating lesion siZe in Wild type Col-0 and 35S 
G3PDH transgenic plants in?ltrated With Water or G3P, FIG. 
2(C) is a plot illustrating lesion siZe in Wildtype Col-0 (PAD3, 
1), pad3 (2) and act1 pad3 (3) plants, and FIG. 2(D) illustrates 
morphological phenotypes displayed by the C. higgin 
sianum-inoculated leaves from Col-0, gly1, gli1 and act1 
plants at 5dpi. 
FIGS. 3(A)-3(E) illustrate glycerol-mediated effects on 
mutants impaired in SA or R-gene signaling Where FIG. 3(A) 
is a microscopy of trypan blue-stained leaves from indicated 
genotypes treated With Water or 50 mM glycerol; FIG. 3(B) 
provides to plots for endogenous SA and SAG levels in the 
leaves of indicated 4-Week-old soil-groWn plants treated With 
Water or glycerol; FIG. 3(C) is an RNA gel blot depicting 
expression of the PR-1 and PR-2 genes in indicated geno 
types; FIG. 3(D) is a graph shoWing groWth of P parasilica 
biotype Emco5 on various plant genotypes; and FIG. 3(E) is 
a plot shoWing glycerol-induced changes In the 18:1 levels in 
leaf tissue of 4-Week-old plants. 
FIGS. 4(A)-4(E) illustrate morphological, molecular and 
biochemical phenotypes of Wild type (Wt), ssi2, ssi2 nahG, 
ssi2 sid2, ssi2 pad4, ssi2 eds1, ssi2 eds5 and ssi2 ndr1 plants 
Where FIG. 4(A) comprises a series of photographs shoWing 
a comparison of the morphological phenotypes displayed by 
the Wt, ssi2 and various double mutant plants in the ssi2 
background; FIG. 4(B) is a microscopy of trypanblue-stained 
leaves from Wt, ssi2 and various double mutant plants in the 
ssi2 background; FIG. 4(C) corresponds to endogenous SA 
and SAG levels in the leaves of indicated 4-Week-old soil 
groWn plants treated With Water or glycerol; FIG. 4(D) is a 
RNA gel blot for the expression of PR-1 and PR-2 genes; and 
FIG. 4(E) is a plot depicting groWth of R parasilica biotype 
Emco5 on various plant genotypes in accordance With the 
present invention. 
FIGS. 5(A)-5(I) illustrate glycerol-mediated effects on 
mutants impaired in various fatty add desaturation (fad) steps 
and double mutant analysis of ssi2 in different fad back 
grounds Where FIG. 5(A) comprises a series of photographs 
shoWing the morphological and cell death phenotypes dis 
played by the Wt, fad2, fad3, fad4, fad5, fad6, fad7, and fad7 
fadB plants; FIG. 5(B) is an RNA gel blot shoWing the expres 
sion of the PR-1 gene in glycerol-treated fads, Wt and act1 
plants; FIG. 5(C) is a plot shoWing endogenous SA levels in 
the leaves of 4-Week-old soil-groWn Wt (Col-O), fad3, fad5, 
fad7 and fad7 fadB plants treated With Water (W) or glycerol; 
FIG. 5(D) is a plot shoWing glycerol-induced changes in the 
18:1 levels in leaf tissue of four-Week-old plants; FIG. 5(E) 
comprises a series of morphological phenotypes displayed by 
the ssi2 and various ssi2 fad double and triple mutants; FIG. 
5(F) comprises a series of microscopies of trypan blue 
stained leaves from ssi2 and various ssi2 fad double- and 
triple-mutants; FIG. 5(G) is an RNA gel blot for expression of 
PR-1 and PR-2 genes in Wt, ssi2, and various ssi2 fad double 
and triple mutants; FIG. 5(H) comprises tWo plots shoWing 
endogenous SA and SAG levels in the leaves of 4-Week-old 
soil groWn 88/2, ssi2, ssi2 fad7 and ssi2 fad7 fadB plants; and 
FIG. 5(I) is an RNA gel blot depicting expression of the 
PDF1.2 gene in SSI2, ssi2, ssi2 fad7 and ssi2 fad7 fad8 plants. 
FIGS. 6(A)-6(D) depicting PA levels and morphological 
and molecular analyses of ssi2 dgd1 plants Where FIG. 6(A) 
corresponds to PA levels in ssi2 and Wt (Col-0) and act1 plants 
treated With Water or glycerol; FIG. 6(B) is a photograph 
shoWing a comparison of morphological phenotypes dis 
played by the 4-Week-old soil-groWn dgd1 and ssi2 dgd1 
plants; FIG. 6(C) comprises three micrographs of trypan 
blue-stained leaves from ssi2, dgd1, and ssi2 dgd1 plants; 
US 8,207,398 B2 
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FIG. 6(D) is a RNA gel blot showing expression of the PR-1 
gene in ssi2, dgd1 and ssi2 dgd1 plants. 
FIGS. 7(A) and 7(B) depict the lipid pro?le and total lipid 
content Where FIG. 7(A) is a plot shoWing a pro?le of total 
lipids extracted from Col-0 and act1 plants treated With Water 
or glycerol and FIG. 7(B) is a plot shoWing a comparison of 
total lipid content in Water- and glycerol-treated Col-0 and 
act1 plants. 
FIGS. 8(A)-8(E)illustrate a comparison of glycerol-re 
sponsiveness in Wild type, act1, gli1, ssi2 gly1-3 and 35S 
ACT1 plants and double mutant analysis of ssi2 gli1 plants 
Where FIG. 8(A) is a plot shoWing glycerol-induced changes 
in the 18:1 levels in leaf tissue of 4-Week-old plants; FIG. 
8(B) is a plot depicting endogenous SA and SAG levels in the 
leaves of 4-Week-old soil-groWn plants; FIG. 8(C) is a pho 
tograph shoWing a comparison of morphological phenotypes 
displayed by a 16-day-old soil-groWn ssi2 and various ssi2 
gli1 plants; FIG. 8(D) comprises a series of micrographs for 
trypan blue-stained leaves from ssi2 and various ssi2 gli1 
plants; and FIG. 8(E) is an RNA gel blot depicting expression 
of the PR-1 gene in ssi2 and ssi2 gli1 plants. 
FIG. 9 is a schematic shoWing a condensed scheme for lipid 
biosynthesis and glycerol-mediated signaling in the Arabi 
dopsis leaves. 
DETAILED DESCRIPTION 
The present invention is directed to conferring pathogen 
resistance to various plant species. For example, the present 
method can confer enhanced resistance to necrotrophic and/ 
or hemibiotrophic pathogens by overexpressing glycerol-3 
phosphate dehydrogenase using an expression vector in a 
plant, such as Arabidopsis. The overexpression of glycerol 
3-phosphate dehydrogenase can be achieved using an appro 
priate expression vector in a plant. 
The present invention is based on a neWly discovered link 
betWeen glycerol metabolism and ssi2-mediated defense sig 
naling as reported in Role of Salicylic Acid and Fatty Acid 
Desaturation Pathways in ssi2 Mediated Signaling, Kachroo 
et al., 2005, Plant Physiology, herein incorporated by refer 
ence. The glycerol-mediated decline in 18:1 levels occurs in 
mutants that are impaired in the SA signaling pathWay or 
affected in various FAD steps. The defense phenotypes asso 
ciated With glycerol application are dependent on the ability 
of plants to utiliZe glycerol or acylate the glycerol-derived 
G3P With 18: 1 . Consistent With this result, a mutation in nho1 
(gli1) renders plants tolerant to glycerol and unable to induce 
PR-1 gene expression in response to glycerol. ssi2-triggered 
phenotypes Were not in?uenced by mutations that impair the 
SA pathWay or that alter the levels of 16:3 or trienoic acids 
(16:3 and linolenic [18:3]). Since mutations in various FADs 
did not affect any of the ssi2 act1 phenotypes, it Was con 
cluded that complementation of the ssi2 mutation in the act1 
background is not associated With the further conversion of 
18:1 to linoleic acid (18:2) or 18:3 in plastidal or extraplas 
tidal lipids. 
The present invention relates to the use of exogenous glyc 
erol to induce defense responses in plants, Which implicates 
the importance of glycerol-mediated signaling. A novel dis 
covered signaling pathWay in Arabidopsis links fatty acid 
metabolism and defense, Which provides evidence of an 
important aspect of signaling relevant to the establishment of 
this energy ?oW. Glycerol serves as an important building 
block for glycerolipid biosynthesis. Exogenous application 
of glycerol (at levels far beloW those that cause osmotic 
stress) induces SA-dependent defense responses in Wild type 
Arabidopsis plants (Kachroo et al., 2004) (FIG. 1). HoWever, 
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Arabidopsis plants impaired in glycerol-3-phosphate (G3P) 
acyltransferase (ACT1) no longer respond to exogenous 
application of glycerol. The current hypothesis is that exog 
enous glycerol induces defense responses indirectly by caus 
ing an increase in G3P levels, Which in turn depletes 18:1 
content via ACT1 . 
Glycerol-3-phosphate dehydrogenase enZymes (G3PDH) 
play important roles in energy metabolism and biomass syn 
thesis. A recent study reported that disruption of a G3PDH 
gene in C. gloeosporioides eliminated the ability of the 
mutant to groW on most carbon sources in vitro, including 
amino acids and glucose (Wei et al., 2004). HoWever, it greW 
normally in the presence of glycerol. The mutant fungus also 
developed normally in its plant host (the round-leaved mal 
loW), prompting the suggestion that glycerol, rather than glu 
cose or sucrose, is the primary transferred source of carbon in 
plants. This Was an unexpected ?nding, but direct analysis of 
infected host leaves revealed that their glycerol content did 
decrease by 40% Within 48 hours of infection With C. 
gloeosporioides (Wei et al., 2004). Although this report 
should certainly be treated With some skepticism, given that 
groWth in vitro may not resemble groWth in vivo, it Was found 
particularly intriguing because recent results have shoWn a 
link betWeen glycerol metabolism and defense gene expres 
sion in Arabidopsis (Kachroo et al., 2004, 2005). 
Treatment of Arabidopsis plants With glycerol activates 
defense gene expression. Several glycerol tolerant mutants 
have been characterized in an attempt to understand the 
mechanism of this activation. The act1 mutant, With a de? 
ciency in glycerol-3-phosphate acyltransferase activity, is tol 
erant to exogenously applied glycerol. Furthermore, unlike 
the Wild type, the expression of the PR-1 gene is not induced 
in the act1 mutant in response to glycerol (FIG. 4A; Kachroo 
et al., 2004). In collaboration With Deane Falcone’s group at 
the University of Massachusetts, LoWell, the PI’s group has 
characterized tWo additional glycerol tolerant mutants (gli12, 
gli22) Which, like act1 plants, are tolerant to glycerol and do 
not express PR-1 upon exogenous application of glycerol. 
The gli1 (previously nho 1) mutant, Which is de?cient in glyc 
erol kinase (Kang et al., 2003), also shoWs tolerance to glyc 
erol, accumulates high endogenous levels of glycerol (FIGS. 
1(A) and 1(B)) and is hypersusceptible to the necrotroph B. 
cinerea (Kang et al., 2003). A link has been established 
betWeen glycerol tolerance and reduced oleic acid (18:1) 
levels (Kachroo et al., 2003, 2004, 2005). Oleic acid levels 
have been strongly implicated as a signal for defense gene 
expression in studies of ssi2 mutants, Which are de?cient in 
production of 18:1, and constantly up-regulated in defense 
gene expression. More recently, a link is noW established 
betWeen oleic acid levels and SA-independent regulation of R 
gene. These results provide evidence that an intricate mecha 
nism(s) involving glycerol underlies the regulation of oleic 
acid production and/ or utiliZation. 
Since the hemibiotroph C. gloeosporioides appears to be 
able to utiliZe glycerol for groWth and conidiation in plants, 
evidence is provided Which links glycerol metabolism and 
associated pathWays in the host play an important role in 
establishment of infections by Colletotrichum fungi. Further 
more, since glycerol is involved in defense responses in the 
plant, it is possible that glycerol metabolism by the fungus 
acts to alter the native glycerol state and this serves as a signal 
for defense. 
As a ?rst step in determining the relationship betWeen 
glycerol metabolism and disease resistance, it Was deter 
mined that pathogen infection resulted in an decrease in the 
endogenous glycerol levels. This Was determined using Wild 
type plants (Col-0) Which Were inoculated With C. higgin 
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sianum, and the glycerol levels Were measured 0, 1 and 3 days 
post-infection (dpi). The glycerol levels declined in a gradual 
manner after inoculation and Were reduced by 50% at 3 dpi, in 
comparison to the Water-treated controls (FIG. 1(B)). Wei et 
al. (2004) suggested that the decline in glycerol levels in 
inoculated round-leaved malloW leaves Was due to pathogen 
uptake and utiliZation. Since untreated gli1 plants accumulate 
~3-fold higher levels of glycerol as compared to Wt plants 
(FIG. 1(B)), gli1 plants Were insulated With C. higginsianum 
to determine Whether higher levels of glycerol led to 
increased pathogen groWth and enhanced susceptibility. 
The mutant plants Were consistently more susceptible than 
Wild type plants (FIG. 2(D)), hoWever their glycerol content 
Was not reduced by pathogen inoculation (FIG. 1(B)). A 
plausible explanation accounting for utiliZation of glycerol in 
inoculated Wt, but not in gli1 plants is that the pathogen itself 
is not utiliZing signi?cant amounts of glycerol, but that it is 
triggering the conversion of glycerol into G3P by the plant 
and that a defective glycerol kinase in gli1 is unable to utiliZe 
glycerol and generate G3P. An alternative possibility is that 
the gli1 mutation makes up for the pathogen utiliZed glycerol 
levels. To determine if glycerol can support the groWth of 
fungus, C. higginsianum Was cultured on medium containing 
glycerol as a sole source of carbon FIG. 2(A)). Interestingly, 
glycerol and glucose supported similar levels of groWth, sug 
gesting that the pathogen is quite capable of utiliZing glycerol 
as a carbon source. 
The decline in endogenous glycerol levels Would be 
expected to result in an increase in G3P levels, if the plant 
itself is utiliZing the glycerol. Because it has been dif?cult to 
accurately measure G3P directly, an indirect method Was 
used to evaluate 18: 1 levels in the presence and absence of the 
ACT1-catalyZed acylation reaction in Water- and C. higgin 
sianum-inoculated Col-0 and act1 plants. Reduction of 18:1 is 
correlated With increased G3P in Wild type plants. In com 
parison to the Water-sprayed plants, the pathogen-inoculated 
Col-0 shoWed ~2-fold reduction in their 18:1 content at 12 h 
after inoculation (FIG. 1(C)). The 18:1 levels remained loW 
till 72 h after inoculation and Were restored at 96 h after 
inoculation. By comparison, the pathogen inoculated act1 
plants did not shoW any alteration in their 18:1 content, and 
presumably also maintained higher levels of G3P. The act1 
plants Were more resistant than the Wild type plants (FIG. 
2D). This provides evidence that C. hi gginsianum inoculation 
results in a plant-mediated increase in G3P levels, Which 
depletes 18:1 levels via ACT1. 
The GLYl gene, a G3PDH, represents another route for 
G3P synthesis (FIGS. 1(A)-1(G)). The gly1 mutant Was 
inoculated, Which impacts the prokaryotic lipid pathWay by 
loWering G3P levels. Similar to gli1, the gly1 mutant also 
shoWed slightly enhanced susceptibility to C. higginsianum 
(lesion siZe is ~12% larger, FIG. 2(D)). To ascertain if 
increased susceptibility in gly1 plants Was in fact associated 
With the reduced G3P levels in these plants, the GLYl-en 
coded G3PDH Was overexpressed in Col-0 plants (35S 
GLYl ). TWo independent transgenic lines Were analyZed and 
both lines shoWed markedly enhanced resistance to C. hig 
ginsianum; in comparison to Col-0, the 35S-GLY1 plants 
shoWed smaller and feWer lesions on spot- and spray-inocu 
lated leaves, respectively (FIGS. 1(D) and 1(E)). Microscopic 
examinations of these lesions shoWed that pathogen inocula 
tion on 35S-GLY1 caused hypersensitive-like cell death at the 
site of inoculation and Was not associated With any mycelial 
proliferation (FIG. 1(F)). By comparison, Col-0 plants inocu 
lated With C. higginsianum did not shoW any hypersensitive 
like cell death and exhibited extensive proliferation of the 
pathogen (FIG. 1(F)). The spray-inoculated 35S-GLY1 plants 
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shoWed ~3 -fold loWer PR-l gene expression as compared to 
Col-0 plants (FIG. 1(G)), Which further con?rms that patho 
gen ingress in these plants Was loWer compared to Col-0 
plants (induction of PR-l by C. higginsianum is associated 
With susceptibility and necrotrophic groWth of the fungus). 
Taken together, these results provide evidence that accu 
mulation of G3P and/ or a G3P-derived metabolite play a key 
role in the interaction of Arabidopsis With C. higginsianum, 
especially during the early, biotrophic phase of the interaction 
When establishment of the infection court is taking place. 
Several lines of evidence point to G3P levels as being of 
primary importance. First, the act1 plants, Which are likely to 
accumulate higher levels of G3P, shoWed slightly enhanced 
resistance toWards C. higginsianum infection (this Was fur 
ther con?rmed by mobiliZing the act1 mutation in the pad3 
background, FIG. 2(C)). Secondly, the gli1 and gly1 plants, 
With loWer levels of G3P, are slightly more susceptible to C. 
higginsianum. Thirdly, overexpression of GLYl, expected to 
result in greatly elevated levels of G3P, shoWed pronounced 
resistance to C. higginsianum. Fourth, pharmacological and 
in vitro groWth experiments shoWed that G3P inhibits C. 
higginsianum. When added in minimal medium containing a 
preferred carbon source like sucrose or glycerol, G3P inhib 
ited fungal groWth by ~3 fold (FIG. 2(A)). Furthermore, 
in?ltration of G3P into Arabidopsis leaves, prior to infection, 
also signi?cantly reduced necrosis triggered by the fungus at 
the site of entry (FIG. 2(B)). 
As described herein, the present invention applies compo 
nents of glycerol-mediated defense pathWay and assess their 
impact on resistance to pathogens. It is shoWn that the glyc 
erol-mediated decline in 18: 1 levels occurs in mutants that are 
impaired in the R-gene, SA or fatty acid desaturation (fad) 
pathWays. The defense phenotypes associated With glycerol 
application are dependent on the ability of plants to utiliZe 
glycerol or acylate the glycerol-derived G3P With 18:1. 
Pathogen inoculations of Wt plants result in a decline in glyc 
erol and 18:1 levels. It is shoWn that G3P levels play a role in 
defense and that overexpression of G3P dehydrogenase con 
fers enhanced resistance to necrotrophic/hemibiotrophic 
pathogens. 
The present invention is further illustrated by the folloWing 
speci?c but non-limiting examples. The folloWing examples 
are prophetic, notWithstanding the numerical values, results 
and/or data referred to and contained in the examples. 
EXAMPLES 
Methods 
Plant GroWth Conditions and Genetic Analysis 
Plants are groWn in the MTPS 144 Conviron (Winnipeg, 
MS, Canada) Walk-in-chambers at 220 C., 65% relative 
humidity and 14 hour photoperiod. Mutations affecting the 
SA-signal transduction pathWay are transferred in the ssi2 
background by pollinating ?oWers of the ssi2 plants With 
pollen from npr1-5, eds1-2, pad4-1, eds5-1, ndr1-1, or sid2-1 
plants. The ssi2 nahG transgenic plants used are described in 
more detail in Shah et al., 2001 . Mutations affecting fatty acid 
desaturation (fad) or lipid biosynthesis are transferred in the 
ssi2 background by pollinating ?oWers of the ssi2 plants With 
pollen from fad3-1, fad4- 1, fad5-1, fad6-1, fad7-2 and fad7-1 
fad8-1. The ssi2 dgd1 and ssi2 gli1 plants are obtained by 
pollinating ?oWers of the ssi2 plant With pollen from dgd1-1 
and gli1 plants, respectively. The ssi2 dgd1 act1 plants are 
obtained by pollinating ?oWers of the ssi2 dgd1 plant With 
pollen from ssi2 act1 plants. 
The double and triple mutants are identi?ed by cleaved 
ampli?ed polymorphic sequence (CAPS) or derived-CAPS 
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analyses, and by analyzing FA pro?les. The genotypes at the 
ssi2 and act1 loci are determined as described in Kachroo et 
al., 2001 and Kachroo et al., 2003b. To distinguish FAD3 and 
GL/1 Wt and mutant alleles, the fad3 and gli1 genes are 
10 
tissue as described in Gerber et al., 1988. Brie?y, the leaf 
tissues are homogenized in 5 ml of 0.1% phosphoric acid, 
?ltered through cheesecloth, and the tissue extract collected 
after centrifugation at 15,000 g for 20 minutes Was used for 
sequenced and CAPS and dCAPS markers are developed, 5 enzyme assays. Enzyme assays are carried out in three repli 
respectively. cates. 
Generation of Transgenic Plants Overexpressing GLY1 Pathogen Infection 
The GLY1 cDNA is ampli?ed as a NcoII BamHI-linkered Inoculation With Peronospora parasilica Emco5 is con 
PCR product and cloned doWnstream of double 35S promoter ducted as described in Kachroo et al., 2001 . Inoculation With 
in pRTL2.GUS vector. For Arabidopsis transformation the 10 Collelolrichum higginsianum is carried out by spraying the 
fragment containing promoter, GLY1 cDNA and terminator spores at a concentration of 105-106/ml and spot inoculating 
is removed from pRTL2-GL Y1 vector and cloned into Hin- at a concentration of 104-105/ml.After inoculation, the plants 
dIII site of binary vectors pBARl. The transgenic seeds con- are covered With a transparent plastic dome and kept in a 
taining pBAR1 -derived vector are selected on soil sprayed 15 groWth chamber at 220 C., 65% relative humidity and 14 hour 
Withherbicide BASTA. The plants overexpressing highlevels photoperiod. Infections are evaluated every day and scored 
of GLY1 transgene are scored based on northern hybridiza- for disease at 4-6 dpi. Inoculation With Pseudomonas syrin 
tions and RT-PCR analyses. gae is conducted as described in Shah et al., 2001. 
RNA Extraction and Northern Analyses Results 
Small-scale extraction of RNA from one or tWo leaves is 20 Glycerol Induces SA Signaling via SID2iDependent Path 
performed in the TRIzol reagent (Invitrogen, Gaithersburg, Way 
Md.) folloWing the manufacturer’s instructions. Northern Exogenous application of glycerol onWt plants loWers 18:1 
blot analysis and synthesis of random primed probes for levels and results in the induction of PR-1 gene expression 
PR-l, PR-2 and PDF1.2 are carried out as described in (Kachroo et al., 2004). To determine the molecular compo 
Kachroo et al., 2001. nents participating in this glycerol-mediated effect on the SA 
Trypan Blue Staining 25 pathWay, an experiment Was conducted to test the response of 
Leaf samples are taken from 2- or 4-Week-old plants groWn eds1, eds5, pad4, ndr1, sid2, npr1 mutants and nahG trans 
on soil. Trypan blue staining Was performed as described in genic plants to the exogenous application of glycerol With 
BoWling et al., 1997. data summarized in Table 1. 
TABLE 1 
Fatty acid composition from leaftissues of SS12, ssi2, edsl, ssi2 eds1,ndr1, ssi2 
ndrl, eds5, ssi2 eds5, pad4, ssi2 pad4, sid2, ssi2 sid2, nahG, and ssi2 nahG plants. All 
measurements Were made on 220 C. grown plants and data are described as mol % 1 standard 
deviation calculated for a sample size of six. 
FA 
Genotype 16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3 Morphology 
SS12 14.85 1 1.41 4.10 z 0.34 0.99 z 0.33 16.30 1 0.33 0.63 z 0.08 2.31 z 0.59 13.1 r 1.55 47.72 1 1.71 Wt 
ssi2 14.81 1 2.10 2.86 z 0.44 0.45 z 0.18 9.0 r 1.08 15.8 r 2.82 0.6 r 0.18 15.68 1 1.72 40.8 r 1.45 Stunted 
edsl 13.73 1 0.41 4.66 z 0.12 0.55 z 0.04 17.95 1 0.84 0.70 z 0.04 1.27 z 0.13 10.41 1 0.64 50.73 1 0.96 Wt-like 
ssi2 edsl 14.77 1 2.75 3.85 z 0.54 0.45 z 0.1 10.18 1 1.29 16.9 r 1.89 0.8 r 0.15 13.6 r 2.39 39.25 1 3.53 ssi2-like 
ndrl 14.6 r 0.41 4.65 z 0.12 1.01 z 0.1 14.61 1 0.67 0.54 z 1.3 2.1 r 0.48 13.87 1 1.04 48.42 1 0.98 Wt-like 
ssi2 ndrl 12.34 1 0.33 2.0 r 0.1 0.5 r 0.1 9.84 z 1.53 16.52 11.3 0.70 z 0.48 11.18 11.04 45.30 1 0.98 ssi2-like 
eds5 14.05 1 0.36 4.29 z 0.37 1.17 z 0.14 16.39 1 0.74 0.60 z 0.06 2.39 z 0.39 14.72 1 1.05 46.39 1 0.79 Wt-like 
ssi2 eds5 16.68 1 2.31 3.85 z 0.96 0.25 z 0.04 8.88 z 1.86 14.84 1 2.59 0.94 z 0.20 12.66 1 0.65 41.84 1 5.00 ssi2-like 
pad4 14.09 1 0.88 4.09 z 0.86 1.18 z 0.22 15.91 1 1.69 0.64 z 0.11 2.27 z 0.60 16.44 1 2.29 46.38 1 1.78 Wt-like 
ssi2 pad4 15.16 1 0.48 3.05 z 0.72 0.5 r 0.1 8.62 z 0.70 17.54 1 2.36 0.88 z 0.06 12.25 1 0.73 42.00 1 3.95 ssi2-like 
sid2 13.00 1 0.36 4.23 z 0.35 0.84 z 0.19 17.24 1 0.92 0.63 z 0.06 1.42 z 0.39 12.91 1 1.90 49.73 1 1.62 Wt-like 
ssi2 sid2 16.68 1 1.51 5.1 r 0.75 0.18 z 0.02 10.66 1 2.08 17.58 1 1.80 0.68 z 0.21 8.68 z 0.62 40.42 1 1.19 ssi2-like 
nahG 14.68 1 0.90 4.18 z 0.68 1.14 z 0.61 15.06 1 2.30 1.19 z 0.50 1.75 z 0.92 14.27 1 3.29 46.55 1 3.47 Wt-like 
ssi2 nahG 14.8 r 2.63 3.32 z 0.31 0.31: 0.08 10 z 1.24 18.01 1 1.07 0.9 r 0.25 13.68 1 0.91 39.18 1 2.81 ssi2-like 
SA, FA and Lipid Analyses 
SA and SA glucoside (SAG) are extracted and measured 
from 02-03 g of fresh Weight leaf tissue, as described in 
Chandra-Shekara et al., 2004. FA analysis is carried out as 
described in Dahmer et al., 1989; and He et al., 2002. Lipids 
are extracted as described in Welti et al., 2002. Lipid pro?les 
and acyl group identi?cation are carried out using an auto 
mated electrospray ionization-tandem mass spectrometry 
facility available at the Kansas Lipidomics Center. 
Glycerol and JA Treatments 
Glycerol treatments are carried out by spraying 50 mM 
solution of glycerol prepared in sterile Water. JA treatments 
are carried out as described in Kachroo et al., 2001. 
Glycerol Estimation 
Glycerol levels are determined using a glycerol kit (Roche 
biopharm). The plant extracts are prepared from 1 gm of leaf 
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The glycerol-and Water-sprayed plants are evaluated for 
cell death, SA/SA glucoside (SAG) levels, PR expression, 
pathogen resistance and 18:1 levels. All genotypes shoW cell 
death on their leaves, suggesting that glycerol-induced cell 
death is independent 0 f mutations analyzed or the nahg 
transgene, as shoWn in FIG. 3(A), Which is a microscopy of 
typan blue-stained leaves from indicated genotypes treated 
With Water or 50 mM glycerol. Next, the levels of SA and 
SAG in Water- and glycerol-treated plants are determined. 
Both Nossen (No) and Columbia-O (Col-O) plants shoW a 10 
and 13-fold induction in SA levels and an 8- and 10-fold 
induction in the SAG levels, respectively (FIG. 3(B)). The 
SA/ SAG levels in glycerol-treated eds1, eds5 and pad4 plants 
are higher compared to the Water-treated plants but loWer 
compared to the glycerol-treated Wt plants. The sid2 plants 








